The aims of this study were to estimate genetic parameters of image analysis traits of crosssectioned dry-cured hams and carcass weight (CW) and to investigate effects of some nongenetic sources of variation on these traits. Computer image analysis (CIA) had been carried out for digital images of the cross-section of 1,319 San Daniele dry-cured hams. The cross-sectional area (SA, cm 2 ); the average thickness of subcutaneous fat (FT, cm); and the proportions of lean (LA, %), fat-eye (FEA, %), and subcutaneous fat area (SCF, %) to SA, and of biceps femoris (BFA, %) and semitendinosus muscle area (STA, %) to LA were recorded. Bivariate analyses were carried out for pairs of traits for estimation of genetic parameters using Bayesian methodology and linear models. Linear models included the nongenetic effects of slaughter groups and sex and the additive genetic effects of pigs and their ancestors (1,888 animals). Variation of FEA was nearly 4-fold that of SA and LA. Variation of CIA traits due to sex effect was not large, whereas slaughter group effects were relevant sources of variation for all traits. For all traits, with the exception of FEA, the posterior probability for the true heritability being greater than 0.1, was greater than 0.95. Point estimates of heritabilities for FT and SCF were 0.42 and 0.51, respectively. Heritability estimates for FEA, LA, BFA, and STA were 0.13, 0.44, 0.44, and 0.36, respectively. The genetic correlations between CW and CIA traits were positive and large for SA (0.86), positive and moderate for FT, FEA, and STA (0.47, 0.40, and 0.45, respectively) and negative with LA (−0.28). Although FEA, FT, and SCF were all measures of the extent of fat deposition in the ham, the genetic correlations between FT or SCF and FEA were very low. A very large estimate (0.74) was obtained for the genetic relationship between SA and FEA, suggesting that reduction of ham roundness through selective breeding would be beneficial for decreasing FEA. On the basis of the estimated parameters, genetic selection is expected to be effective in changing size of fatty and lean areas of the cross-section of dry-cured hams. Causes related to the abnormal development of the fat-eye depot remain unknown, but this study provided evidence that influences of polygenic effects on phenotypic variation of FEA are limited.
INTRODUCTION
Dry-cured ham is a traditional product of great economic importance for the meat industry in the Mediterranean area and of increasing interest in the United States (Ramos et al., 2007) . In Italy, value of raw hams can account for nearly 30% of carcass market value (CRPA, 2010) making the dry-cured ham the most valuable product of the pig industry. Color, firmness, and abundance of adipose tissues affect acceptance of dry-cured hams by consumers (Coutron-Gambotti and Gandemer, 1999) . A major defect is the presence of wide fatty areas on the cross-section (Lo Fiego et al., 2000) . In particular, the extent of the "fat-eye" depot (i.e., an intermuscular fatty area delimited by gastrocnemius, biceps femoris, semitendinosus, and semimembranosus muscles) can lead, when large, to the rejection of the product by consumers and markedly decreases the value of dry-cured hams. Although across-breeds differences for the weight of the depot have been recently reported (Lo Fiego et al., 2000) , genetic aspects of the size of the "fat-eye" area and of the visual appearance of the cross-section have never been investigated.
Recently, a novel nondestructive technique based on computer image analysis (CIA) has been proposed to assess the visual appearance of the cross-section of dry-cured hams and measure the extent of lean and fatty areas with high repeatability and reproducibility (Carnier et al., 2004) . The aims of this study were to investigate sources of variation of carcass weight (CW) and CIA traits of cross-sectioned dry-cured hams and to estimate (co)variance components and genetic parameters.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from an existing database; the analyzed records were registered in the sib testing program of the C21 Goland sire line (Gorzagri, Fonzaso, Italy) 
Animals
Data on dry-cured hams of 1,319 heavy pigs were collected from 2002 to 2005. Pigs (707 gilts and 612 barrows) were offspring of 68 boars of the C21 Goland sire line (Gorzagri, Fonzaso, Italy) mated to 185 Large White-derived crossbred sows. Crossbred sows originated from a cross involving boars of a synthetic line, derived from Large White and Pietrain breeds, and sows of a Large White line selected for maternal ability and prolificacy. Besides growth and residual feed efficiency, the breeding goal of the C21 Goland sire line includes traits related to the quality of dry-cured ham as described by Cecchinato et al. (2008) .
Pedigree information was available for all slaughtered pigs and for all C21 Goland boars, whereas parents of crossbred dams were unknown. Relationships between C21 Goland boars were traced back for as many generations as possible and included, for slaughter animals, at least 4 generation of ancestors. Animals were reared at the same farm under consistent feeding conditions.
Piglets were weaned at 28 d after birth and fed ad libitum up to 75 kg of BW using 2 diets with decreasing amounts of ME and CP content: diet A (17.6% CP and 13.2 MJ of ME/kg) was provided from 25 to 40 kg of BW and diet B (16.2% CP and 12.9 MJ of ME/kg) was fed up to 75 kg of BW. From 75 kg of BW onward, restricted feeding was used. From 75 to 110 kg of BW, pigs were fed a diet containing 15.5% CP and 12.5 MJ of ME/kg, whereas CP content was reduced to 14% from 110 kg of BW onward.
Pigs were slaughtered (25 slaughter groups) after CO 2 stunning at the same abattoir (Montorsi, Correggio, Italy) at 9 mo of age and an average BW of 169 ± 17 kg. Age at slaughter was constrained to a minimum of 9 mo by guidelines of San Daniele dry-cured ham production (D.O.P. Prosciutto di San Daniele, 1996) . After slaughter, all carcasses were weighted and hams were removed from both halves following a reference method (Associazione Scientifica di Produzione Animale, 1991). All left hams were cured for 10 mo following the San Daniele procedure (D.O.P. Prosciutto di San Daniele, 1996) .
Image Analysis and Definition of Traits
Image acquisition for measurement of CIA traits was carried out using the method proposed by Carnier et al. (2004) . After dry-curing, bones were removed from hams with no fat removal and hams were cross-sectioned. An example image of the cross-section of a drycured ham processed by CIA is in Figure 1 . Details on procedures for image acquisition and analysis can be found in Carnier et al. (2004) .
Traits of interest were the cross-sectional area (SA,  cm 2 ), including subcutaneous fat and skin; the ratio of the lean area (i.e., the area of visible muscles within SA excluding subcutaneous fat, skin, and the fat-eye area) to SA (LA, %); the ratio of the fat-eye area to Figure 1 . Example of a digital image of the cross-section of a dry-cured ham analyzed using computer image analysis.
SA (FEA, %); the ratio of the subcutaneous fat area to SA (SCF, %); the ratio of the biceps femoris muscle area to LA (BFA, %); and the ratio of the semitendinosus muscle area to LA (STA, %), and a measure of the average thickness of subcutaneous fat (FT, cm). Relative ratios were preferred to absolute areas because they define more appropriately the visual appearance of cross-sectioned dry-cured hams.
Statistical Analysis
Statistical inference was based on a set of bivariate analyses, which considered pairs of traits. These traits were all CIA traits and CW. Each bivariate analysis was based on the following linear mixed model: To estimate litter effects in our study, records of pigs born from dams with just 1 litter in the data had to be excluded from the analysis, leading to a large decrease in the number of available records and to an increased uncertainty of the estimated parameters. Bayesian Analysis. (Co)variance components were estimated using Bayesian procedures (Blasco, 2005) and performing numerical integration through Monte Carlo Markov chain methods (Sorensen and Gianola, 2002) . All traits were continuous variables, and their values were assumed to be sampled from the following multivariate normal distribution:
where y, b, p, a, X, Z, and W are defined as above, R is a 2 × 2 matrix of residual (co)variances, and I is a 2 × 2 identity matrix. The data were properly ordered within the vectors and the vectors a and p contained the effects for both traits individual by individual. In a Bayesian setting, we assumed
MVN( , and
~MVN( , where G is a 2 × 2 matrix of additive-genetic (co)variances, A is the numerator of Wright's relationship matrix between individuals, P is a 2 × 2 (co)variance matrix for slaughter group effects, and I is a 2 × 2 identity matrix. Flat priors were assumed for effects in b, as well as for G, P, and R. Additive relationships were computed using a pedigree file of 1,888 animals. Gibbs Sampler. Marginal posterior distributions of unknown parameters were estimated performing numerical integration through the Gibbs sampler (Gelfand and Smith, 1990) , as implemented in the program TM (http://snp.toulouse.inra.fr/~alegarra). Length of the chain and of the burn-in period were chosen after visual inspection of trace plots and on the basis of diagnostic tests of Gelman and Rubin (1992) and Geweke (1992) . After preliminary runs, it was decided to run a single chain of 850,000 samples and to discard the initial 50,000 samples as a very conservative burn-in. Subsequently, 1 of every 200 successive samples was retained to store samples that were more weakly correlated. Hence, 4,000 samples were used to infer posterior distributions of unknown parameters. Lower and upper bounds of the 95% highest probability density region (HPD) for heritability (h 2 ), additive-genetic and slaughter group effect variances were obtained from the estimated marginal densities. Moreover, the posterior probability for h 2 > 0.1, for positive correlations greater than 0.1, or for negative correlations less than −0.1, was computed using the estimated marginal densities. The posterior median was used as point estimate of (co)variance components and related parameters. Autocorrelations between samples and estimates of Monte Carlo SE (Geyer, 1992) were calculated.
Estimates of heritability were defined as 
RESULTS AND DISCUSSION

Descriptive Statistics
Descriptive statistics for CW and CIA traits are in Table 1 . Age at slaughter and CW were within common ranges for heavy pig carcasses available in Italy for drycured ham production (Lo Fiego et al., 2000; Virgili et al., 2003) . Heavy slaughter weights are primarily related to the need for producing raw hams weighting at least 11 kg, in agreement with guidelines for San Daniele dry-cured ham production (D.O.P. Prosciutto di San Daniele, 1996) . Furthermore, current guidelines for production of dry-cured hams constrain age of slaughter pigs to a minimum of 9 mo.
On average, lean area accounted for 63 to 76% of SA, whereas FEA accounted for 2.6% of SA and 8.2% of the total fatty area. The CV of FEA was 44% compared with 13% for SCF. Extent of FEA is of primary importance because it drives the consumer impression of a "lean" or "fat" ham and can markedly decrease the value of dry-cured hams. Subcutaneous fat area accounted for nearly 30% of SA, ranging from 22 to 34%. Traits related to fat deposition were of particular interest for this study because the amount of subcutaneous fat plays an important role for cured products and guidelines for dry-cured ham production impose a minimum thickness for raw hams under which hams are discarded from processing (D.O.P. Prosciutto di San Daniele, 1996) .
Insufficient fat covering of the thigh increases curing losses and worsens sensory properties of dry-cured hams (Bosi and Russo, 2004) . Proportions of muscles and fatty areas in the cross-section were in agreement with measures obtained by Franci et al. (2007) on a small sample of cross-sectioned Tuscan hams.
Nongenetic Sources of Variation of CIA Traits
Estimated marginal posterior distributions of the difference between barrows and gilts for the investigated traits are in Figure 2 . Sex effects were small and in agreement with estimates from other studies (Franci et al., 2001; Candek-Potokar et al., 2002; Virgili et al., 2003) . Slaughter groups accounted for, respectively, 30 and 33% of the phenotypic variance of CW and SA, 11 and 17% of the variance in SFA and BFA, approximately 25% of the variance of FT and SCF, and 36% of the variance in FEA.
Heritability
Estimates of variance components and heritability for CW and CIA traits are in Table 2 . The posterior median for the heritability of CW was 0.36 and the posterior probability that the true value of this parameter was greater than 0.1 was 100%. Because variation in age at slaughter was trivial, variation in CW was the result of variation in growth rate and dressing out percentage.
Heritability estimates of CIA traits ranged from 0.13 to 0.51. Although 95% HPD were generally wide, the posterior probability for the heritability of CIA traits of being greater than 0.10 was greater than 95% for all traits with the exception of FEA. Traits related to subcutaneous fat deposition (i.e., SCF and FT) exhibited heritability values of intermediate magnitude. In particular, point estimates of heritability for FT and SCF were less than or comparable with literature estimates obtained for backfat thickness measured on live animals using ultrasound equipment. Newcom et al. (2005) reported estimated heritabilities ranging from 0.45 to 0.63, whereas the estimated heritability reported by Suzuki et al. (2005) for FT was 0.72. Based on these results, changes of the relative size of SCF or of FT by selective breeding is expected to be effective.
The FEA was the only trait showing a low heritability estimate, with a posterior probability of being greater than 0.1 of 73%. The frequency distribution of FEA, which is illustrated in Figure 3 , was right-skewed with a long right tail due to the presence of animals with extreme values of FEA. This kind of distribution, as well as the low heritability of this trait, might be due to the presence of major genes affecting variation of FEA. Associations of the g.276T > G mutation located in a noncoding region of the fat mass-and obesityassociated gene have been detected with intermuscular fat deposition in Italian Duroc and feed conversion rate in Italian Large White pigs (Fontanesi et al., 2009 ). In a subsequent study, Fontanesi et al. (2010b) reported this polymorphism to be associated with the weight of the fat depot originating FEA in cross-sectioned hams.
Consistent with our results, subcutaneous fat areas measured by image analysis on cross-sections made at different positions of the carcass have been reported to exhibit greater heritability than intermuscular fat areas (Suzuki et al., 2009) , suggesting that additive genetic variation of fat accumulation differs across anatomical sites.
Heritability estimates of LA, BFA, and STA were 0.44, 0.44, and 0.36, respectively. Based on these results and on estimates of additive genetic SD for these traits, it might be argued that selection is expected to be effective not only in affecting the relative size of the LA of hams, but also in determining changes in the relative size of muscles areas. Across-breed variation in the proportion of biceps femoris, semimembranosus, and semitendinosus muscle areas has been reported (Franci et al., 2007) , supporting evidence for a role of additive genetic effects in influencing phenotypic variation of these traits. However, to our knowledge, additive genetic variability of CIA traits has never been investigated in previous studies.
Correlations of CW with CIA Traits
Additive genetic and phenotypic correlations of CW with CIA traits are in Table 3 . As a consequence of the moderate number of observations available for the study, 95% HPD intervals for additive genetic correlations tended to be wide. For most correlations, the probability of being relevant (i.e., being greater than 0.1 for positive correlations, or less than −0.1 for negative correlations) was large or very large, the only exception being the phenotypic correlations with FEA and BFA and the additive genetic correlation with BFA. Additive genetic correlations exhibited the same sign as phenotypic correlations. Correlations of CW with SA and FT were large. Being a measure associated with body size, SA exhibited the largest correlations with CW. However, all CIA traits exhibited moderate to high genetic correlations with CW.
In agreement with Sellier (1998), CW was positively correlated with all traits related to fat deposition (FT, FEA, and SCF), and negatively correlated with LA. These results confirm that heavy carcasses are characterized by hams having a wider SA and a smaller LA relative to light carcasses. This finding is in agreement with results obtained by Kouba et al. (1999) for allometric development of fat in relation to empty BW of pigs of different breeds or crosses. : posterior median for heritability; HPD95%: lower and upper bound of the 95% highest posterior density region for heritability; P(h 2 > 0.1): posterior probability of heritability being greater than 0.1. The estimated additive genetic correlation for FEA indicates that enlargement of FEA is an expected side effect of selective breeding aiming to obtain heavier carcasses. However, the increase of CW is not of interest for heavy pigs because current guidelines for dry-cured ham production constrain slaughter weights to an average of 165 kg. In a study conducted by Kouba and Bonneau (2009) , the proportion of subcutaneous fat in the ham increased 2.2 times (from 7.8 to 17.2%) when CW increased from 30 to 140 kg, whereas that of intermuscular fat increased 1.4 times only (from 3.6 to 5.1%). In this study, the genetic relationship of CW with SCF was less than that with FEA. A positive association was observed between CW and STA, but the relative size of BFA was correlated neither genetically nor phenotypically with CW.
Correlations Between CIA Traits
Features of the estimated marginal posterior densities of additive genetic and phenotypic relationships between CIA traits are in Table 4 . With BFA being the only exception, genetic correlations between SA and the other CIA traits were intermediate (correlations with STA or SCF) or large (correlations with LA, FT, or FEA) and showed a probability greater than 88% of being relevant. All genetic correlations between SA and traits related to fat deposition were positive, with FEA being the trait exhibiting the largest genetic correlation with SA. It might be argued that the positive genetic relationships existing between CW and SA on one side and between CW and fat deposition traits on the other side might be responsible for the positive genetic associations between SA and fat deposition traits detected in this study. However, we observed no change (genetic correlation between SA and FEA or SCF) or a limited decrease (genetic correlation between SA and FT) in the estimates when effects due to variation in CW were accounted for by the linear model (data not presented). Hence, even at a constant CW, increased FEA and SCF were genetically associated with increased size of hams. This result implies that decreasing roundness of raw hams for dry-curing through selection would be beneficial for reducing the extent of FEA.
As expected, the genetic relationship between FT and SCF was very large. Even though the probability of relevance of the genetic correlation between these 2 traits and FEA was greater than 70%, both these traits exhibited weak genetic and even weaker phenotypic relationships with FEA, albeit FEA was a trait related to adipose tissue deposition in the ham. These results support the hypothesis that genes affecting phenotypic variation of FT and SCF determine only a small variation of FEA. The moderate genetic correlation between FT or SCF and FEA is attributable to positive genetic relationships between all these traits and CW. When data were adjusted for the linear effect of CW, the posterior median of the genetic correlation between FT or SCF and FEA became closer to zero, as well as the probability of the correlations being relevant. Based on these results, breeding programs focusing on FT are expected to exert trivial effects on phenotypic variation of FEA.
To some degree, intramuscular and intermuscular fat are necessary to enhance sensory properties of meat products and antagonistic relationships between pork quality and increased lean meat production have been described (Sellier, 1998) . Although visceral fat and subcutaneous fat are easily trimmed from the meat, intermuscular and intramuscular fat cannot be removed. For this reason, the extent of FEA plays a role in affecting the consumer acceptability of dry-cured ham at slicing. Size of FEA is very difficult to measure because it can only be quantified with cross-sectioning and CIA (Carnier et al., 2004) , with the use of magnetic resonance imaging (Antequera et al., 2007) , or estimated on the basis of the weight of the fat depot removed during ham deboning (Fontanesi et al., 2010a) . The lack of correlation between FEA and FT indicates that estimating the extent of FEA on the basis of FT measures is unfeasible. Hence, the search for efficient and accurate strategies for the assessment of FEA is still a critical issue. Due to difficulties in carrying out specific investigations, the literature is lacking information on sources of variation affecting FEA and on its relationships with FT. Conversely, studies on the relationship between backfat and intramuscular fat are quite common and serve as references for comparison of results. Median: median of the marginal posterior density of the correlation; HPD95%: lower and upper bound of the 95% highest posterior density region for the correlation; P: posterior probability of positive correlations being greater than 0.1 or negative correlations being less than −0.1.
Several studies (Sellier, 1998; Fernández et al., 2003; Suzuki et al., 2009) reported lack of association between intramuscular and subcutaneous backfat. Loin intramuscular fat has been reported to be related to backfat depth, with the 2 traits having only a weak positive genetic correlation (Wood, 1990; Sellier, 1998) . Selective breeding for reducing backfat depth has resulted in a decrease of intramuscular fat content (Sonesson et al., 1998) and in a worsening of palatability of fresh pork (Barton-Gade, 1990 ). The reported genetic correlations suggest that selection to enhance intramuscular fat content in lean carcasses might be feasible.
Likewise, the low genetic correlation between FT and FEA obtained in our study suggests that it might be possible to improve dry-cured ham visual appearance while maintaining current ham subcutaneous fat quantities or increasing total FT. In a study conducted by Franci et al. (2007) on slice tissue composition of Tuscan hams from Cinta Senese and Large White pigs, across-breed variation in SCF was described, whereas no across-breed differences were detected in the proportion of intermuscular fat.
Different lipid metabolisms were suggested from the result that genetic correlations between fatty acids compositions measured in the inner and outer layer of subcutaneous fat, intermuscular fat, and intramuscular fat decrease as the anatomical distance of the fatty tissues increases (Suzuki et al., 2006) . Low genetic correlations of backfat area with the percentage area of intermuscular fat and abdominal fat areas measured in carcass cross-sections have been reported, suggesting that different genetic controls determine variation in intramuscular, subcutaneous, intermuscular, and abdominal fat accumulation (Suzuki et al., 2009) .
A positive relationship between lean content and the ratio of intermuscular to subcutaneous fat has been described (Kempster and Evans, 1979; Davies, 1983; Kouba et al., 1999) . According to Kouba et al. (1999) , a possible explanation is that selection against overall fatness based on backfat thickness is more effective in decreasing subcutaneous fat relative to intermuscular fat and leads, as a result, to little genetic changes in intermuscular fat accumulation. Jones et al. (1980) and Tess et al. (1986) suggested that selection for low backfat might alter the distribution of other body fatty tissues. Thus, even if relative developments of intermuscular and subcutaneous fat are closely linked, they can show a certain degree of independence, particularly under the influence of genetic factors. Kouba and Bonneau (2009) reported that slopes describing the allometric growth of intermuscular fat were significantly less in the ham than in other cuts. In the ham, intermuscular fat grew less rapidly than subcutaneous fat, in agreement with previous observations of Franci et al. (2001) and Fisher et al. (2003) . Kouba and Bonneau (2009) also reported that differences in lipid contents between intermuscular and subcutaneous fats decrease when CW increases. This result indicates that intermuscular fat matures later than subcutaneous fat. All Table 4 . Median (lower and upper bounds of the 95% highest posterior probability interval) of the estimated marginal posterior density of additive genetic (above diagonal) and phenotypic (below diagonal) correlations for computer image analysis traits these findings support the hypothesis that variation of subcutaneous fat is quite independent from variation of intermuscular fat. In agreement with our results, Monziols et al. (2005) reported that the degree of independence for the development of subcutaneous and intermuscular fat is larger in the ham relative to other cuts. This is of particular importance because a major goal of selective breeding for the heavy pig is to ensure adequate ham FT to cope with constraints on minimum fat covering dictated by current guidelines of Italian dry-cured ham production. A deep fat cover improves the attitude of the meat to salting and curing, due to the fact that covering fat contains less water than muscular tissue, thus reducing exchanges between muscle and the external environment (Carnier et al., 1999; Gallo et al., 1999; Candek-Potokar et al., 2002) .
Implications
Estimated heritabilities of CIA traits indicate that selection can determine changes in the visual appearance of the cross-section of dry-cured ham in relation to the relative size of subcutaneous fat and lean areas. The cross-sectional area of the ham exhibited a large genetic correlation with FEA and might play a role as an indicator trait when selective breeding for reduced FEA is of interest. Causes related to the abnormal development of the fat-eye depot still remain largely unknown, but this study provided evidence that influences of polygenic effects on phenotypic variation of FEA are limited. Further studies evaluating a possible role of one or a few candidate genes on the determinism of the fat-eye depot as well as investigations of the genetic relationship between FEA and other traits recorded on live or slaughtered animals are of interest.
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